By using a nonneuronal cell system, evidence has previously been provided that tetanus toxin (TT) intoxication occurs in macrophages, impairing their secretory activity as well as their antitumoral activity. In particular, both secreted and total lysozyme (LZM) activities are reduced by TT treatment, provided that GG2EE macrophages have been preexposed to gamma interferon (IFN-y). In an attempt to provide insight into the molecular mechanisms underlying this phenomenon, we focused our attention on the levels of LZM-specific transcripts. GG2EE macrophages preexposed to IFN-y exhibited augmented levels of LZM-specific mRNA.
.g/ml) and abrogated by preexposure of the macrophages to the C fragment of IT. Protein kinase C (PKC) and Ca2+-calmodulin-dependent PK were likely involved in the IFN-ymediated upregulation of LZM mRNA levels and biological activity, as assessed by PK inhibitors. Furthermore, PK inhibitors mimicked TT in impairing LZM activity of GG2EE macrophages, thus suggesting that impairment of PKC and/or the Ca2+-calmodulin-dependent PK pathway(s) may be one of the events involved in ITT intoxication of macrophages.
Tetanus toxin (TI'), produced by toxigenic strains of Clostridium tetani, consists of a heavy chain (100 kDa) and a light chain (50 kDa), whose primary structures have been elucidated (12, 13, 23, 41) . It is generally accepted that the action of TI involves three steps: (i) binding of the toxin to neuronal surface receptors via the heavy chain, which targets the molecule to a subset of spinal inhibitory neurons; (ii) internalization and intraneuronal targeting of the toxin; and (iii) blockade of transmitter release after translocation of the light chain into the synaptic cytosol (15, 26, 40) . The best-characterized system for studying intracellular activity of TI is the identified couples of neurons making synapses in the buccal ganglion of Aplysia califomica (25, (32) (33) (34) . With this system, it has been demonstrated that the light chain of TI is the intracellularly active portion of TI (25, 32, 33) . This chain has zinc endopeptidase activity specific for VAMP, or synaptobrevin, a 12-kDa integral protein of small synaptic vesicles, isolated from rat cerebral cortex. Initial evidence indicates that this proteolytic cleavage accounts for the TI-induced blockade of neuroexocytosis (37, 38) .
Using a nonneuronal cell system, we have provided evidence that 1T intoxication occurs in macrophages, impairing their secretory activity (31) as well as their antitumoral activity (39) . In (5) . Following binding, the toxin, which is likely internalized, exerts toxicity within macrophages through yet-unidentified mechanisms.
While the cascade of events that link stimulation to secretion is only partially defined, there appears to be similarities between phagocytes and neurons in stimulationsecretion coupling (1, 18, 27) . For example, secretion of lysosomal granular contents from macrophages and neurotransmitters from neurovesicles requires external calcium (35, 42) , and the modulation of ionized intracellular calcium appears to serve as a second messenger that participates in stimulation-secretion coupling (27, 35) . Whether TI acts through the same pathway in the two cell types or through distinct molecular pathways is an interesting question. A major limitation for studies in this field is the availability of suitable and/or easy-to-handle experimental models. As a cloned cell line with a stable phenotype and pattern of functional properties (4, 6), GG2EE macrophages have been employed in the present study to establish the effects of 1T7 on a specific macrophage function, i.e., LZM activity, as measured by Northern (RNA) blot analysis. We show here that TT prevents IFN--y-mediated upregulation of LZMspecific mRNA levels. Such an effect is dose dependent, mediated by the holotoxin, abrogated by preexposure to the C fragment of 17 (referred to here as C fragment), and closely mimicked by protein kinase (PK) inhibitors.
MATERUILS AND METHODS
Reagents. The following reagents were used. Purified TI (1 mg/ml) and C fragment (0.6 mg/ml) were a kind gift from HindIII-EcoRI fragment (from the pGBR 2.4-kb plasmid) was used (10). For ,-actin detection, the 2.1-kb BamHI fragment (from the Okayama-Berg pcD-X plasmid) was used (14) . For scanning densitometry, slot blots with twofold serial dilutions (from 5 ,ug) were made. Membranes were hybridized as described above and exposed to X-ray film. X-ray film was developed and scanned by using an Electrophoresis Data Center (Helena Laboratories, Beaumont, Tex.).
Statistical analysis. The significance of the biological data was evaluated by Student's t test. All experiments were repeated at least five times; see Table 1 for representative data (see figures also).
RESULTS
Kinetics of LZM biological activity in control and IFN---pretreated GG2EE macrophages. We have previously shown that LZM activity is augmented in IFN--y-pretreated GG2EE macrophages, the effect being strictly dependent upon the cytokine concentration employed (31) . To further investigate this phenomenon, kinetic experiments in which control and IFN-y-pretreated GG2EE macrophages were incubated with fresh complete medium were performed. After 1, 3, 6, 9, 18, and 36 h, the levels of both total and secreted LZM activity were measured. IFN-,y pretreatment resulted in a timedependent increase of total (Fig. 1A) and secreted (Fig. 1B) LZM activities. Significant levels of LZM were already detectable after 6 h, while maximal plateau levels (four times those observed in control macrophages) were reached after 18 h of incubation.
Effect of IFN-y pretreatment on LZM mRNA levels in GG2EE macrophages. With the purpose of investigating whether IFN--y effects occurred at the level of gene transcripts, LZM mRNA levels in control and IFN--y-pretreated GG2EE macrophages were measured. Following incubation in fresh complete medium for 15 min and 1, 3, 6, 9, and 18 h, the cells were processed for Northern blot analysis. We found that control macrophages constitutively expressed detectable levels of LZM mRNA, which remained unchanged by the time in culture (Fig. 2A) . In contrast, macrophages preexposed to IFN-y showed a time-dependent augmentation of LZM mRNA levels. Such an effect was evident after 1 h, became maximal after 3 h, and gradually decreased 9 and 18 h after removal of IFN--y. Rehybridization of the same blots with the ,B-actin probe showed no changes in 3-actin-specific mRNA levels of either control or IFN-y-pretreated macrophages at all time points tested (Fig.   2B ). These data indicated that the upregulation of LZM activity by IFN-y, as assessed by the biological assay, correlated with an augmentation of LZM-specific transcripts.
Effect of TT on IFN--mediated upregulation of LZM mRNA levels in GG2EE macrophages. We have previously shown that 1T selectively inhibits IFN--y-induced but not basal LZM activity in GG2EE macrophages. The YT inhibitory effect was dose dependent and maximum for a YT dose of .3 p,g/ml (31) . In an attempt to investigate whether such an effect was the result of modifications at the level of gene transcripts, we evaluated the effect of YT on LZM mRNA levels in IFN--y-pretreated GG2EE macrophages. As shown in Fig. 3A expected time-dependent augmentation of LZM mRNA levels in response to IFN-y, cells exposed to 1T (3 ,ug/ml) failed to exhibit such an effect at all time points tested. In particular, when LZM transcripts of control and YT-treated macrophages were compared at each time point, the percentages of 1T inhibition were the same and ranged from 70 to 80% (data not shown). Furthermore, using an equimolar dose of H-Ti, we obtained results identical to those described for untreated cells (Fig. 3A) . No differences in j-actin mRNA levels were observed when the blots were rehybridized with ,B-actin-specific probe (Fig. 3B ).
To determine whether the susceptibility of IFN-y-pretreated cells to TT was related to the concentration of TT used, GG2EE macrophages were incubated with decreasing concentrations of TT for 3 h before Northern blot analysis. The TT-mediated reduction of LZM mRNA levels proved to be dose dependent (Fig. 4) under conditions in which 0-actin mRNA levels remained unchanged.
Abrogation of YT effects on LZM mRNA levels by C fragment. C fragment is known to compete with TT in binding to specific fixation sites on synaptic membranes as well as on macrophages (2, 5) . When IFN-y-pretreated macrophages were exposed to C fragment (6 p,g/ml) for 2 h prior to incubation with TT, abrogation of TT effects was observed (Fig. 5) levels of 1-actin remained unchanged (Fig. 5) . These results indicated that the inhibitory effects of TT on the levels of LZM transcripts in IFN--y-pretreated cells were a consequence of a specific interaction between the toxin and macrophages.
Effect of PK inhibitors on LZM activity of IFN-y-pretreated GG2EE macrophages. Controversial evidence exists regarding the potential role of PK activity as an intracellular target for TT action (11, 19, 24, 28, 29, 36) . In particular, TT has been reported to affect protein kinase C (PKC) activity in human macrophages (19) . Thus, we performed experiments to establish whether PK inhibitors could mimic TT effects in our experimental system. IFN--y-pretreated macrophages were exposed to H7, W7, or HA for 6 h. The LZM activity and the levels of specific transcripts were then evaluated. Table 1 shows that both H7 and W7 inhibited LZM activity, as well as the levels of specific transcripts, to a similar extent, under conditions in which cell viability was not affected, as determined by trypan blue exclusion and release of lactate dehydrogenase (data not shown). Conversely, HA failed to have any effect. As expected, 1T treatment resulted in significant reductions in LZM activity and levels of specific transcripts. Furthermore, when PK inhibitors were given to control (IFN-y-untreated) macrophages, we found that both H7 and W7 inhibited the levels of LZM transcripts and biological activity, whereas HA and TI had no effects on any of the parameters assessed. Rehybridization of the blots with the 0-actin probe showed no differences in the levels of ,-actin-specific mRNA (the optical density, measured in arbitrary units obtained from scanning densitometric analysis of X-ray films, ranged between 4.5 and 5.7). Overall, these results indicated that PK inhibitors affected both basal and IFN--y-upregulated LZM activity, the latter phenomenon closely resembling that described for 1T. DISCUSSION In this report, we show that TT prevents IFN--y-mediated upregulation of LZM mRNA levels in GG2EE macrophages, the effect being closely mimicked by PK inhibitors.
While the detailed molecular mechanisms of 1T action have not been identified yet, a recent paper shows that 1T is a zinc endopeptidase, whose proteolytic cleavage of synaptobrevin is likely related to the blockade of neurotransmitter release in 1T-intoxicated neurons (37, 38) . A major obstacle in these studies has been the lack of suitable experimental models, such as cell lines highly sensitive to 1T. Nevertheless, 1T action is not restricted to neuronal cells. In particular, a murine macrophage cell line shows impaired LZM activity following exposure to TT (31) . In the present paper, we provide evidence that 1T action on macrophages results in reduced levels of LZM-specific transcripts. The phenomenon only occurs when macrophages have been preexposed to IFN-y. This finding is in line with previous reports indicating that (i) IFN--y-pretreated macrophages but not control macrophages are able to bind 1T (5) and (ii) IFN--yinduced but not basal LZM activity is susceptible to 1T inhibitory effects (31) .
IFN-y pretreatment results in a more rapid and enhanced production of LZM. The patterns of secreted and total LZM activities are similar in both IFN-y-pretreated and control macrophages, indicating that biosynthesis is rapidly followed by exocytosis. IFN--y-pretreated macrophages exhibit a time-dependent increase in LZM-specific mRNA levels, suggesting that IFN--y effects occur at the transcriptional level, although the possibility of enhanced mRNA stabilization cannot be ruled out. In any case, our data add further insights into the current opinion that LZM activity is a macrophage marker susceptible to activation (21) . In our model, the levels of LZM-specific mRNA are susceptible to IFN--y under conditions in which full activation cannot be achieved because of the genetic defect of the cells in use. According to their origin, in fact (GG2EE macrophages derive from C3H/HeJ mice [4] ), such cells cannot be fully activated to a cytotoxic stage by IFN-y alone unless a second signal is added (6) . Nevertheless, they respond to IFN-y alone with the acquisition of Ia antigens (6), enhanced antimicrobial activity (3), and induced 2',5'-oligoadenylate synthetase mRNA expression (7) .
Using GG2EE macrophages, we demonstrate here that 1T prevents IFN--y-mediated effects on the levels of LZM transcripts. When IFN-y-pretreated cells are incubated with IT, the expected increase in LZM mRNA levels does not occur. Interestingly, preexposure of the macrophages to C fragment, prior to incubation with 1T, results in the abrogation of 1T effects. This result, which strengthens those obtained in previous studies by fluorescence analysis (5), indicates that the interaction between macrophages and the toxin occurs through specific binding sites, shared by TT and its fragment. Furthermore, this finding definitely rules out the possibility that potential contaminants within the 1T preparation may have a role in the phenomenon.
H7 and W7, known to inhibit PKC and Ca2+-calmodulindependent PK pathways, respectively (16, 17, 20) , mimic 1T's ability to reduce LZM activity in IFN--y-pretreated GG2EE macrophages. Such inhibitory effects have been observed at the biological as well as at the molecular level on IFN-y-pretreated macrophages and occur at times and doses already known to affect other macrophage functions (22) . Unlike PK inhibitors, TT is ineffective on basal LZM activity. This finding, which reflects the inability of 1T to bind to control macrophages (those not exposed to IFN--y) (31) , further supports the conclusion that the absence of binding sites prevents 1T intoxication in control macrophages. In our opinion, these results suggest that (i) intact PKC and Ca2+-calmodulin-dependent PK are required for both basal and IFN--y-upregulated LZM activity and (ii) Ti intoxication in macrophages occurs through a cascade of events that, at a certain point, involves PK inhibition.
According to the findings observed with neuronal systems (25, 32-34, 37, 38) and in view of the fact that VAMP-related proteins have recently been found in nonneuronal cells (8), we formulate the hypothesis that Ti has a unique mode of action in inhibiting cell exocytosis, namely, VAMP cleavage, regardless of cell type. Experiments are in progress to establish the presence on macrophages of VAMP-related proteins and to determine their susceptibility to TI enzymatic activity.
